Aspergillus ustus is one of the eight species designated to Aspergillus section Usti . Recent polyphasic analyses including phylogeny and extrolite analyses, as well as morphological examination have changed the taxonomy of section Usti [9]. As a consequence, it was indicated that very few of the clinical isolates previously identifi ed as A. ustus belong to this species. Recommendations for the identifi cation of Aspergillus species have now been published, involving examination of the gene sequences ITS, calmodulin, β -tubulin and actin [10]. A recent study of A. ustus strains from multiple locations using the partial regions of these genes revealed the presence of a new species, Aspergillus calidoustus sp. nov., and most of the clinical isolates investigated were found to belong to A. calidoustus [11].
Introduction
Filamentous fungi are now generally accepted as contaminants of water distribution systems, although the link to health effects is still not fully understood. In studies on the occurrence, diversity and signifi cance of moulds in Norwegian drinking water distribution systems [1, 2] , Aspergillus ustus was isolated throughout the water systems. In total, 57% of the samples positive for Aspergillus spp. were identifi ed as A. ustus . The species was frequently isolated from hospital water systems, and it was often recovered from hot taps and thus seems able to survive at high temperatures. This implication with hospital waters is important since the species has been described as an emerging pathogen with regard to nosocomial fungal infections in immunocompromised patients [3 -7] . However, the identifi cation of A. ustus in clinical settings has mostly been based on morphological characteristics, which may be diffi cult and inaccurate [8] .
Materials and methods

Fungal strains
This investigation was related to a study on the occurrence of moulds in drinking water [1] , where the sampling and isolation procedures were described. Briefl y, 273 samples from raw water, treated water, and private homes and hospital installations were examined for the presence of fi lamentous fungi. Membrane fi lter technique, 100 ml samples, dichloran 18% glycerol agar (DG18) [15] , and incubation at 20 Ϯ 1 ° C for two weeks were employed for enumeration. The 32 strains included in the present study were morphologically identifi ed as Aspergillus ustus in a study on the diversity and signifi cance of mould species in Norwegian drinking water [2] . The origin of these strains is presented in Table 1 . Two strains (VI04878, VI04879) were dead and could not be cultured. However, DNA from these strains was already obtained, so they were included in further sequencing and phylogenetic analyses.
Physiological and metabolite analyses
The isolates were prepared from frozen stocks and incubated on Czapek yeast extract agar (CYA) [16] plates at 37 ° C for one week. Ehrlich reaction tests were performed [17] . Briefl y, a piece of fi lter paper dipped in Ehrlich reagent [16] was placed on an agar plug with mycelia. In the case of indole metabolite production, a violet ring appeared within 10 min.
PCR and sequencing
Isolated genomic DNA from each strain was amplifi ed for the genetic markers ITS, primers ITS1 and ITS4 [18]; calmodulin, primers Cmd5 and Cmd6 [19]; primers Bt2a and Bt2b [20] ; and actin, primers Act512F and Act783R [19] . PCR amplifi cation was performed using Illustra pureTaq Ready-To-Go PCR bead kit (GE Healthcare). Beads in PCR tubes were reconstituted to a 25 μ l fi nal volume, containing 2 μ l genomic DNA and 15 pmol of each primer. All PCR reactions were amplifed in a MJ Research DNA Engine Dyad using the same programme of initial denaturation step at 95 ° C for 10 min followed by 38 amplifi cation cycles of denaturation at 95 ° C for 30 sec, annealing for 30 sec and extension at 72 ° C for 1 min, and a fi nal extension at 72 ° C for 7 min. Annealing temperatures were: 56 ° C for ITS, 55 ° C for calmodulin and 58 ° C for β -tubulin and actin.
All PCR products were checked for single products by gel electrophoresis on standard agarose gel, and the PCR products were purifi ed according to the ExoSAP-IT PCR clean-up-protocol (GE Healthcare). Sequencing of the PCR-products of all four genes was performed on an Applied Biosystems (Foster City, CA, USA) 3130xl Genetic Analyzer with BigDye Terminator v3.1 Cycle Sequencing Kit according to standard protocols. Forward and reverse primers used were identical to those previously used in PCR amplifi cation step. All sequencing reactions were purifi ed with BigDye XTerminator Kit before sequenced. Assembly and manual editing of the sequence chromatograms were conducted in Sequencing Analysis 5.3.1 (Applied Biosystems) or in BioEdit version 7.0.0 [21] .
Identifi cation and phylogenetic analysis
All strains were identifi ed by sequence similarity searches in EMBL/GenBank. Accession numbers are presented in Table 1 . Multilocus sequence typing (MLST) analyses were performed with all new A. calidoustus sequences in addition to published sequences (including type strains) of all loci for the species A. granulosus , A. ustus , A. puniceus , A. keveii , A. insuetus , A. pseudodefl ectus and A. calidoustus [9] . The sequence alignments included a total of 47 strains and the Norwegian A. calidoustus isolates all produced the same haplotype in all four loci. Sequences were manually aligned for each locus and put together into a combined dataset. Phylogenetic analyses of the combined dataset were performed using maximum parsimony employing a heuristic search (1000 random replicates) in PAUP * v4.0b10 [22] . Gaps were treated as missing and A. granulosus was selected as an out-group based on previous phylogenetic studies of Aspergillus section Usti [9] . To evaluate the support for the observed branching topologies for maximum parsimony, bootstrap analysis [23] with 1000 bootstrap replicates were performed. Bootstrapping was done with a heuristic algorithm and 1000 random additions of sequences per bootstrap replicate.
Results
Physiological preferences and metabolite production
The isolates had good growth on CYA at 37 ° C with diameters of 31 -40 mm ( Table 1 ). The Ehrlich reaction was violet for all tested strains, which demonstrated that all produced indole metabolites.
Sequence identifi cation
All of the 32 strains were molecularly identifi ed as A. calidoustus (Table 1) , which was confi rmed by the results from the physiological analyses and the Ehrlich test. The β -tubulin sequence was the only characteristic that differentiated A. calidoustus from A. pseudodefl ectus in four loci, with the exception of ITS, which lacked the necessary resolution to differentiate isolates of A. calidoustus with isolates of A. pseudodefl ectus .
Species distribution
The distribution of samples positive for A. calidoustus at the different sampling points in Norwegian drinking water systems is presented in Fig. 2 . The Figure illustrates that water treatment had some effect in reducing the occurrence of A. calidoustus in raw water, but the fungi seems to multiply in the distribution system, especially in hot water installations.
Discussion
The results obtained from the sequence identifi cation, the physiological analyses, the Ehrlich test, and the phylogenetic analyses, all demonstrated that the waterborne fungal isolates previously identifi ed as A. ustus , actually belong GenBank. However, a few β -tubulin sequences gave 99% match with the GenBank sequence (VI03594, VI03608, VI04831). All the Norwegian strains have identical haplotypes of ITS, calmodulin, β -tubulin and actin.
Phylogenetic analyses
Maximum parsimony analyses with a heuristic search of the combined dataset gave 11 most parsimonious trees (MPTs) with a length of 492 steps. Figure 1 illustrates a strict consensus tree of the combined dataset where all bootstrap values are indicated on the representative branches down to the species level. The phylogenetic analysis conducted on four loci of 47 Aspergillus strains resulted in seven well-defi ned and strongly supported monophyletic clades. All included Norwegian strains grouped together with the type strain of A. calidoustus (CBS121601), and formed a strongly supported monophyletic clade. Phylogenetic analyses of the individual locus were largely congruent with the combined dataset of all to the novel fungal species Aspergillus calidoustus . It seems that β -tubulin sequencing is the best way to distinguish between the closely related A. calidoustus and A. pseudodefl ectus with regard to similarity searches in GenBank. This is in agreement with others [24] . The tests of indole metabolite production and growth on CYA at 37 ° C are simple and good additional verifi cation methods, since A. pseudodefl ectus does not produce indole metabolites, and grows poorly on CYA at 37 ° C. Although the ITS sequences of the A. calidoustus strains were identical to those of A. pseudodefl ectus , the phylogenetic analyses of each locus demonstrated that all strains formed a separate well-defi ned monophyletic clade based on β -tubulin, calmodulin and actin sequence data. It was surprising that all of the waterborne strains were identifi ed as A. calidoustus , and that the strains have identical haplotypes of ITS, calmodulin, β -tubulin and actin sequences, especially since they originate from different water sources, different parts of the distribution systems, different parts of Norway, and from different times of the year. It seems that the artifi cial environment of the water distribution systems may provide favorable conditions and niches for A. calidoustus . In clinical outbreak cases, Aspergillus strains with similar DNA structures have been obtained from patients differing both in location and time, and common environmental sources have been suggested [4, 6] . The water systems may fulfi l the criterion as the source of such infection outbreaks, since it seems that the waterborne fungal strains are constant in time and space, at least A. calidoustus and the four partial gene regions studied in the present study.
The results from the species distribution at the different sampling locations demonstrated that A. calidoustus is able to colonize drinking water distribution systems, especially the heated-water installations. This is important new knowledge since A. calidoustus has been described as an emerging pathogen. The mortality associated with A. calidoustus infections is high, and the species has been described as multi resistant against frequently used antifungal treatments such as the triazoles [25, 26] . The treatment of fungal infections is often prolonged and is also very expensive, and despite all therapeutic efforts, the outcome of such infections is often fatal. All these factors make the focus on prevention of nosocomial infections more important than ever. The present results may be helpful considering microbiological surveillance of hospital water systems. We do see that the recovery of pathogenic fungi from hospital water systems initiate precautionary measures such as point-of-use fi lters on taps and showers [27] .
In conclusion, the waterborne Norwegian strains previously identifi ed as A. ustus should be renamed Aspergillus calidoustus . To the authors ' knowledge, this is the fi rst report showing that this species inhabits water. We should be concerned about emerging pathogens like A. calidoustus colonizing the water systems, because this may constitute a potential health risk for particular vulnerable groups. The fi ndings add new knowledge with respect to the potential role of water systems as a source of fungal infections, and the results call for special emphasis on the heated-water installations, which clearly should be included in the sampling locations of hospital water systems. 
